Aiming at the rapid mobility of marine gas turbine and the dynamic time-delay problem of intercooler for intercooled cycle marine gas turbine, the dynamic simulation model of intercooler was set up based on effectiveness-number of transfer units ( -NTU) and lumped parameter method in this paper. The model comprehensively considers related physical properties dependent on temperature. Dynamic response characteristics of gas outlet temperature and pressure and coolant outlet temperature of intercooler with different materials and coolants in the change of operation condition of marine gas turbine were analyzed in detail. Besides, this paper explored the use of simulated annealing algorithm for structural optimization of intercooler. The results showed that both material and coolant were the significant factors that affected the heat transfer and dynamic performance of intercooler. The heat transfer and dynamic performance of the intercooler obtained by using simulated annealing algorithm were better than those of preliminary design.
Introduction
In recent years, high-power (more than 25 MW) marine gas turbine has aroused the attention of every country [1] . Intercooled (IC) cycle or intercooled regenerated (ICR) cycle technology is a feasible method to develop highpower marine gas turbine, which may represent a major development tendency for a new generation of marine main propulsion plants [2] . The successful application of WR-21 marine gas turbine further verified the feasibility and effectiveness of intercooled regenerated cycle technology to increase engine power for marine gas turbine [3] .
As an important part of intercooled or intercooled regenerated cycle marine gas turbine, intercooler will directly influence the performance of engine. The existence of intercooler can aggravate the time-delay characteristics of fluid flow and heat transfer, which make it difficult to match the thermodynamic parameters and develop appropriate control strategies for gas turbine system, and then may influence the maneuverability performance of ship.
In the past half century, many scholars have carried out extensive research from different aspects and made some achievements of both theory and practice about intercooled or intercooled regenerated cycle gas turbine. The research activities mainly focused on intercooled or intercooled regenerated cycle gas turbine performance analysis [4] [5] [6] [7] [8] [9] [10] , numerical simulation on flow and heat transfer of intercooler [11] [12] [13] , and thermodynamic design and optimization of intercooled system [14] [15] [16] . Li et al. [4] [5] [6] studied the dynamic behaviors and flow parameters optimization of intercooled cycle marine gas turbine based on simulation method. Through the simulation study of fuel supply rate, they obtained the best fuel supply rate curve of intercooled cycle marine gas turbine. Based on the finite time thermodynamic theory, the power and efficiency of an open or closed cycle intercooled gas turbine power plant were analyzed and optimized by adjusting the low pressure compressor inlet relative pressure drop, the mass flow rate, and the distribution of pressure losses along the flow path by Wang et al. [7] [8] [9] [10] . According to the actual operation condition of intercooled system for a certain 2 Mathematical Problems in Engineering intercooled cycle marine gas turbine, Dong et al. [11] [12] [13] made a preliminary thermodynamic analysis and design by using effectiveness-number of transfer units ( -NTU) method and analyzed the influence of intercooler structural parameters and coolant parameters on the steady-state performance of intercooler. On the base of structure features of plain fin rectangular channels, they also investigated the coupled characteristics of fluid flow and heat transfer by using numerical simulation approach. Through numerical computing, Li et al. [14] and Dong et al. [12] obtained the pressure distribution, temperature distribution, and velocity distribution of intercooler entire flow path, which provided beneficial reference to design and apply intercooler. Xiao [15] discussed the effects of intercooler structure parameters on its flow and heat transfer performance based on effectiveness-number of transfer units ( -NTU) method. Then they analyzed the dynamic performance and thermal inertia of intercooler under varying operation conditions. Their research results showed that intercooler had the obvious thermal inertia characteristics, which could directly affect the accuracy and reliability of the control system. Besides, Zhang [16] established the dynamic simulation model by using the lumped parameter method and analyzed the dynamic response of gas outlet temperature of intercooler under varying operation conditions. Their conclusions were consistent with the results that have been reported in literature [15] . They also found that heat exchanger weight had a significant influence on the dynamic performance of intercooler.
From the literatures described above, very few studies have been performed on the thorough discussion of relevant factors that could affect the dynamic time-delay characteristics of intercooler. There were also very few studies which discussed the structural optimization design of intercooler using artificial intelligent algorithm. Besides, the dynamic simulation analyses in the existing literatures only considered the change of gas inlet temperature of intercooler, which belonged to the single variable perturbation analysis. However, all the gas inlet temperature, pressure, and mass flow rate of intercooler will change in practical applications. Therefore, it is meaningful to study the dynamic behaviors of intercooler with multivariable perturbation.
The objectives of this study are to investigate the flow and heat transfer coupling dynamic time-delay problem and structural optimization design of intercooler for intercooled cycle marine gas turbine. In this study, the dynamic simulation model of intercooler is modeled based on effectivenessnumber of transfer units ( -NTU) and lumped parameter method. In order to improve the modeling accuracy, temperature dependent thermophysical properties are taken into account due to large temperature differences in the intercooler. Then, three different types of substrate materials (copper, alumina, and copper-nickel alloy) and two different coolants (water and ethylene glycol) are considered to investigate the effect of substrate materials and coolants on dynamic performance of intercooler in detail. Finally, a simulated annealing (SA) algorithm based optimization technique for intercooler will be developed, which minimizes the total weight of intercooler under given space and performance restrictions. 
Intercooler Problem Description
and Thermodynamic Model 2.1. Problem Description of Intercooled System. As the key component, intercooled system is located between the low pressure compressor and high pressure compressor. The intercooler system lowers the high pressure compressor inlet temperature, which can reduce the power consumption of high pressure compressor and increase the power output of the whole marine gas turbine system. The principle diagram of intercooled cycle marine gas turbine is shown in Figure 1 . Intercooler system is composed of two parts, namely, on-engine intercooler (platefin heat exchanger) and off-engine intercooler (plate heat exchanger). The on-engine intercooler is designed to decrease the temperature of the pressurized gas coming out of the low pressure compressor. Then the coolant passes through offengine intercooler, which transfers heat from the coolant to the seawater in order to reduce the temperature of coolant. Compared with off-engine intercooler, on-engine intercooler is more important for marine gas turbine because it has a direct influence on the gas turbine performance.
According to the requirements of intercooled cycle, three performance parameters should be considered for on-engine intercooler. (1) Reasonable pressure drop of the fluid (especially for gas), including the pressure drop of inlet channels, core part, and outlet channels. When the pressure drop of gas is too high, it will give an additional burden on the high pressure compressor to keep a constant pressure ratio, which means more fuel consumption. (2) Reasonable thermal efficiency of intercooler, which can effectively lower outlet temperature of gas under given space. (3) Reasonable weight of intercooler. There may have a greater thermal inertia when the weight is heavier. Therefore, how to realize the optimization design of high efficiency compact intercooler is one of the important problems for intercooled system.
Due to the complexity in the structure of the intercooler, the detailed information of the fluid flow and heat transfer in intercooler can scarcely be described. Different substrate materials and coolants have different heat transfer performance, which can influence the flow and heat transfer performance of intercooler. So the effects of different materials and coolants on dynamic performance of intercooler are worth studying in detail. Figures 2 and 3 depict a schematic view of a reverse flow plate-fin intercooler with straight fins and the basic geometric structure of fins, respectively. The following assumptions will be used for the analysis.
Thermal Modeling of Intercooler.
(1) The number of fin layers for the gas side ( ) is assumed to be one more than the coolant side ( ). That is, = + 1.
(2) Intercooler works in a steady-state condition.
(3) The thickness of all the fins is assumed uniform and the thermal resistance can be negligible because the thickness is too small. In this study, since the output temperature of the fluids is unspecified, the -NTU method is used to assess the flow and heat transfer performance of intercooler in the modeling process. The effectiveness of reverse flow plate-fin intercooler is proposed as
where Cr = min / max is heat capacity ratio. NTU is the number of transfer units. Considering the thermal resistance of the walls, NTU can be determined by
Generally, the flow state of fluids can affect the convective heat transfer coefficient. For the fluids in the fully developed turbulent flow and transition region, the heat transfer coefficient is calculated in terms of Gnielinski [18] which is given as
Nusselt number and hydraulic diameter can be calculated as follows:
Reynolds number and Prandtl number are defined as below:
And the Fanning factor is given as
For the fluids in the fully developed laminar flow, the heat transfer coefficient is calculated in terms of Colburn factor [19, 20] which is given as
Mass flow velocity can be obtained as follows:
The Fanning factor and Colburn factor are given as 
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In this study, the effective circulation area for the two sides is formulated as
The heat transfer areas of intercooler for the two sides are calculated by
Heat transfer efficiencies of heat transfer surface for the two sides are obtained by
Heat transfer efficiencies of fin for the two sides are formulated as
Fin factors for the two sides are defined as follows:
Therefore, the effective heat transfer area for the two sides can be calculated by
Heat transfer rate is obtained as follows:
To simplify the computation, this study only considers the pressure drop of inlet channels, core part, and outlet channels. The total pressure drops for every side are defined as below:
where Δ 1 is the pressure drop caused by the change of crosssectional area from the deflector outlet to fin inlet. Δ 2 is the pressure drop caused by the change of cross-sectional area from fin inlet to deflector outlet. Δ 3 consists of two pressure drops, namely, frictional pressure drops and pressure drops, caused by change of channel area. They can be determined as follows:
where in and out are empirical coefficient and can be obtained from literature [21] . is the average density of fluids, which is calculated by
Therefore, the pressure drop loss rate of fluids for the two sides is obtained by
Dynamic Simulation Modeling of Intercooler.
The dynamic time-delay of intercooler is one important factor that influences the maneuverability of marine gas turbine. Considering the operation characteristics of intercooler in practical application, lumped parameter model is used to construct the dynamic simulation model of intercooler. The following assumptions will be used for the analysis.
(1) The inside flow of fin channel is simplified as the one dimension and the velocity of fluids is uniform in the same section. (2) The temperature of metal wall varies along with the direction of fluids flow and the radial temperature difference of metal wall is neglected. (3) The heat capacity of gas is neglected compared with that of metal wall.
Considering the above assumptions, the mass conservation equations for the two sides can be given as
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where , and , are the average temperature for the two sides and are calculated by
The channel volumes for the two sides are obtained by
The temperature of metal wall is obtained as follows:
In order to further raise the precision of simulation, the model considers related physical properties dependent on temperature.
Dynamic Performance Analysis and Discussions for Intercooler
Based on effectiveness-number of transfer units ( -NTU) and lumped parameter method mentioned earlier, the dynamic simulation model of intercooler is established by computer simulation software MATLAB/SIMULINK, which can be seen in Figure 4 .
Model Validation.
In order to verify the correctness and validity of the simulation model established in this paper, a case study taken from the work of Wen is considered [17] . The straight fin is used on the gas and coolant side. The preliminary structure of the intercooler is shown in Table 1 . Table 2 lists the inlet parameters of gas under different gas turbine operation conditions. Water is chosen as the coolant and its inlet temperature and mass flow are assumed to be Plate thickness, (m)
Seal thickness, (m) 6 × 10
Intercooler length, 1 (m) 0.35 Intercooler width, 2 (m) 0.4266 Table 2 : The inlet parameters of gas under different gas turbine operation conditions [17] . constant under different gas turbine operation conditions, which are 20 ∘ C and 200 kg/s, respectively. The intercooler is made of copper-nickel alloy. Some useful thermophysical parameters of copper-nickel alloy are mentioned in Table 3 .
Figures 5, 6, and 7 show the comparisons of the simulation results in this paper with the thermodynamic calculation and numerical simulation results that have been reported in literature [17] . From Figures 5-7 , it is obvious that the outlet temperature and pressure drop loss rate of gas and outlet temperature of coolant obtained by using the simulation model (variable properties) are basically consistent with the thermodynamic calculation results reported in literature [17] . The maximum deviation of pressure drop loss rate of gas is about 0.8% between simulation model (variable properties) and thermodynamic calculation method. In other words, the simulation model (variable properties) can be 6 Mathematical Problems in Engineering considered correct and feasible. The simulation results also show that both the outlet temperatures of gas and coolant can decrease when the operation conditions of gas turbine are reduced. In addition, the analysis and comparisons of the results demonstrate that the pressure drop loss rate of gas obtained by using the numerical simulation method is lower than that calculated by using other two methods at some operation conditions. The reason is that only the flow resistance loss of gas side is considered during the numerical simulation processes. Comparing the results obtained by two simulation models in this paper with those of literature [17] , we also can conclude that the simulation model (variable properties) is more accurate and appropriate. Moreover, the convergence speed can be significantly improved when considering the influence of temperature on thermal physical property parameters. Therefore, the simulation model (variable properties) is used to analyze and discuss the dynamic performance of intercooler in the following section.
Material Effects on Dynamic
Performance. Material is one of the important factors which affect the structural strength and heat transfer performance of intercooler. In the following analysis, we will focus on investigating the effects of different material on dynamic performance of intercooler. The geometric dimensions of the intercooler and the thermophysical properties of materials (copper-nickel alloy, copper, and aluminum) studied here are listed in Tables 1 and 3 . Water is chosen as the coolant and its inlet temperature and mass flow are assumed to be constant under different gas turbine operation conditions, which are 20 ∘ C and 200 kg/s, respectively. For the gas turbine, the operation condition linearly changes from 35% to 70% in 5 seconds and the related inlet operation parameters of gas are given in Table 2 .
The dynamic response curve of the outlet temperature and pressure of gas and the outlet temperature of coolant with different materials in the change of operation condition of gas turbine are shown in Figures 8, 9 , and 10. It may be clearly observed in Figures 8-10 that the outlet temperatures of gas and coolant change obviously in the previous stages and their gradients become smaller over time for all materials. The thermal inertia characteristic of intercooler is so obvious that it is necessary to consider the effect of intercooler on the thermodynamic performance of gas turbine. In addition, a careful inspection of Figures 8-10 reveals that intercooler made of copper or aluminum has the better heat transfer performance than that made of copper-nickel alloy. And the intercooler made of copper has the best heat transfer performance since it has the highest thermal conductivity. However, the dynamic response time of intercooler made of aluminum is the shortest as compared with the intercooler made of the other types of materials. This is due to the fact that aluminum has the lowest density. The larger the value of density is, the longer the dynamic response time of the intercooler will be. From Table 3 , it can be seen that the three materials, ordered by decreasing density, are (1) copper, (2) copper-nickel alloy, and (3) aluminum. These suggest that the weight of intercooler is the important factor on affecting the thermal inertia of intercooler, which is consistent with the result of the other literatures [16] . Additionally, the outlet pressure of gas is less affected by materials and there is no obvious flow time delay characteristic because gas has a higher velocity. To sum up, material is a significant factor which affects the heat transfer and dynamic performance of intercooler. From the point of view of heat transfer performance and dynamic time-delay characteristics, aluminum has a slightly better performance than the other materials. However, considering the application environment, copper-nickel alloy is often used as the material of intercooler because it has good anticorrosion and excellent strength.
Coolant Effects on Dynamic Performance.
Although the copper-nickel alloy has good anticorrosion and excellent strength, its heat transfer performance is relatively poor and dynamic delay response time is longer than the other materials. Therefore, it is very important to improve the heat transfer and dynamic performance of intercooler from other aspects.
Coolant seems to be another crucial factor in determining the heat transfer and dynamic performance of intercooler. As the most common and cheap coolant, water freezes at a low temperature, which can lead to intercooler failure. In order to solve this problem, ethylene glycol mixed with water in different volume percentages is typically used to lower the aqueous freezing point of the heat transfer medium in the practical industrial applications [22] . Ethylene glycol and water (EG/water) can withstand low temperatures down to −60 ∘ C [23] . However, it can cause an erosive action on the intercooler, which causes fouling and affects the heat transfer performance of intercooler. Besides, this fluid mixture is toxic so that it is a potential danger for staff.
In the following analysis, we are interested in investigating the effects of different coolants on dynamic performance of intercooler. Water and EG/water (50 : 50 by mass) are chosen as the coolant and the inlet temperature and mass flow of two coolants are assumed to be constant under different gas turbine operation conditions, which are 20 ∘ C and 200 kg/s, respectively. The properties of two coolants at different temperature are available in ASHRAE [24] . The intercooler is made of copper-nickel alloy. For the gas turbine, the operation condition linearly changes from 35% to 70% in 5 seconds and the related inlet operation parameters of gas are given in Table 2 . Figures 11, 12 , and 13 show the dynamic response curve of the outlet temperature and pressure of gas and the outlet temperature of coolant with different coolants in the change of operation condition of gas turbine. From Figures 11-13 , it is easy to see that the intercooler has better heat transfer performance and smaller thermal inertia when water is used as coolant. The outlet temperature and dynamic delay response time of gas obtained by using water as coolant can reduce about 3 ∘ C and 15 seconds, respectively, compared with those obtained by using EG/water as coolant. The main reason may come from the fact that water has higher heat capacity and thermal conductivity and lower viscosity than EG/water. In other words, the coolants with higher thermal conductivity and heat capacity but lower viscosity show better heat transfer performance and thermal inertia. Meanwhile, the results also show that the dynamic delay response time of gas is shorter than that of every coolant. This is due to the fact that coolants have higher heat capacity and thermal conductivity. Additionally, the outlet pressure of gas is less affected by coolants and there is no obvious flow time delay characteristic.
These findings suggest that all the applied conditions of coolants, corrosion resistant properties of materials, and the flow heat transfer performance requirements of intercooler should be considered when selecting the coolants for intercooler.
Optimal Design of Intercooler Based on Simulated Annealing Algorithm
The design of intercooler involves a large number of geometric and operating variables that need to meet the flow and heat transfer performance requirement under some constraints [15] . The conventional optimization methods become very cumbersome and laborious to solve the optimization problem. In recent times, some nontraditional probabilistic search algorithms, namely, genetic algorithm (GA) [25] [26] [27] , particle swarm optimization (PSO) algorithm [28] , and harmony search (HS) algorithm [20] , have been applied to the optimization of various heat exchangers. Wang et al. [25] presented the GA for the optimization of microturbine recuperators from technical and economic standpoints and discussed the solution strategies under two different fitness functions. Their results showed that GA has good global search capability to realize the compact design of recuperators. However, GA is not very effective for the local search space problem. Compared with GA, PSO algorithm has the ability of memory. But PSO algorithm has a shortcoming of converging prematurely after getting trapped into some local optima and considers it to be the global optima. Besides, the acceleration constants and inertia weight should be given reasonably since they are employed to control the exploration abilities of the swarm and affect the convergence behavior. When PSO algorithm is applied to a multidimensional complex problem scenario, it becomes nearly impossible to get out from that local optima and reach out for the global optima due to some constraints. Moreover, the evolutionary algorithms, such as GA, PSO algorithm, and HS algorithm, cannot deal with the constraints directly and many constraint handling methods should be employed to help the optimization process [20] . As previously mentioned, it is a constraints optimization problem for the structure optimization design of intercooler. The penalty function method is often used to transfer constrained condition into unconstrained condition [20, 26] , which may affect the optimization results. As a stochastic optimization technique, simulated annealing algorithm was first put forward by Metropolis in 1953, and it was employed to seek an optimal combination by Kirkpatrick et al. until 1983 [29] . This algorithm simulates the thermodynamic process of slow cooling of molten metals to achieve the minimum function value in an optimization problem, so it has been widely used in solving sophisticated optimization problems [30] . Compared with GA and PSO algorithm, SA algorithm can hinder the premature convergence to the local optima and diverge the particles using its strong ability of local search. 
Simulated Annealing Algorithm.
For the following optimization problem, the basic optimization process based on simulated annealing algorithm is shown in Figure 14 :
where ( ) is the objective function. ( ) and ℎ ( ) are the constraint equations and equilibrium equations, respectively. From Figure 14 , we can see that simulated annealing algorithm mainly includes two circle processes, inner and outer circle processes. The purpose of the outer circle processes is to decrease annealing temperature. In every iteration of inner circle processes, the new solution is obtained and evaluated by the Metropolis criterion to determine whether the new solution will be accepted or not. The following shows the details of the basic optimization processes.
Step 1. Set initial temperature = 0 ( 0 > 0), cooling rate V, and final temperature .
Step 2. Randomly select initial solution and the approximation of the optimal solution * from all possible solutions, = * = 0 .
Step 3. Randomly select disturbance to obtain the new solution from the sets of all possible neighbors of .
Step 4. Calculate the function value ( ) and ( ) by objective function, respectively. Δ = ( ) − ( ).
Step 5. If Δ ≤ 0, then the new solution is accepted and the approximation of the optimal solution is updated, = , * = .
Step 6. If Δ > 0, randomly select from uniform distribution on the interval (0, 1). If (Δ ) = exp(−Δ / ) > (0, 1), then the new solution is accepted but it is a worse solution, = .
Or else, the current solution remains unchanged.
Step 7. Repeat the above Steps 3-6, until loop iteration steps meet the requirements.
Step 8. Check termination criterion and output the optimal solution.
Simulated annealing algorithm uses the cooling process and the Metropolis algorithm to control the search process, so this algorithm can leap from the local minimum during the search and handle any type of variable easily, including noncontinuous functions and nondifferential functions [29] .
Objective Function, Optimization Variables, and Constraints.
The results reported in literature [16] showed that the weight of intercooler is an important factor to affect its thermal inertia. With the increase of the weight of intercooler, the thermal inertia increases rapidly. Therefore, the total weight of intercooler is selected as the optimal objective function in this study:
When putting all the relevant values, the above equation can be simplified and expressed as
Considering the basic assumptions mentioned above, the plate pitches for the two sides, fin pitch, fin thickness, intercooler length, intercooler width, and numbers of fin layers for gas side are taken as the optimization variables in Mathematical Problems in Engineering 11 Plate pitch of gas side, this study. All the above optimization variables are considered as structural constraints, which are expressed as
In order to achieve the design requirements, the heat transfer efficiency required of intercooler and the pressure drop loss rate of gas are considered as the performance constraints, which can be given as follows:
Optimal Design Results of Intercooler.
This section explores the use of simulated annealing (SA) algorithm for structure optimization of intercooler and discusses the effects of structure optimization on dynamic performance of intercooler. The intercooler is made of copper-nickel alloy. Water is chosen as the coolant and the inlet temperature and mass flow of two coolants are assumed to be constant under different gas turbine operation conditions, which are 20 ∘ C and 200 kg/s, respectively. Gas turbine operates in a 100% condition.
In this study, the seven design variables such as the plate pitches for the two sides, fin pitch, fin thickness, intercooler length, intercooler width, and numbers of fin layers for gas side are selected as the optimization variables. All variables are continuous except the number of gas side layers. The other structural parameters of intercooler such as plate thickness, seal thickness, and side plate thickness are considered to be constant as listed in Table 1 and are not to be optimized. The variation ranges of the design variables and performance constraints of intercooler have been mentioned in Table 4 . Figure 15 shows the effectiveness convergence diagram as objective function. A significant decrease in the objective function has been observed in the beginning of the evaluation process after 100 iterations. After approximate 6000 iterations, the changes in the objective function become Plate pitch of gas side, (m) 6.2 × 10 Tables 5 and 6 show the preliminary design of intercooler and optimum structure which are obtained from simulated annealing algorithm. The increment of 2.07% has been observed in efficiency of intercooler by optimization method in comparison with preliminary design. Besides, the weight of intercooler has decreased from 1391.45 kg to 1139.87 kg while the pressure drop loss rate of gas side has increased from 3.17% to 3.62%. The dynamic response curve of the outlet temperature and pressure of gas and outlet temperature of coolant with different intercoolers (preliminary design and optimum structure) in the linear change of operation condition of gas turbine from 35% to 70% in 5 seconds are shown in Figures  16, 17 , and 18. From Figures 16-18 , it is clear that the intercooler optimized by simulated annealing algorithm has better heat transfer performance and smaller thermal inertia. The outlet temperature of gas obtained by simulated annealing algorithm can reduce about 3 ∘ C compared with that obtained by preliminary design. The dynamic delay response times of gas and coolant sides of preliminary intercooler are 11.5 seconds and 20 seconds longer than those obtained by the simulated annealing algorithm. These findings suggest that optimal design based on artificial intelligence algorithm is available and necessary to realize the high compact design of intercooler, which can further affect the overall performance of intercooled cycle marine gas turbine.
Conclusions
This study studied the dynamic time-delay characteristics of marine gas turbine intercooler and showed the successful usage of the simulated annealing (SA) algorithm in the optimal design of intercooler. On the basis of the work presented in this study, the following conclusions could be made. A generalized simulation model was developed to carry out the dynamic performance analysis of intercooler based on the effectiveness-number of transfer units and lumped parameter method. The analytical results of an example showed that the simulation model (variable properties) established in this study was correct and feasible. The effects of substrate materials and coolants on the dynamic timedelay characteristics of intercooler were analyzed in detail.
The results showed that both material and coolant were the significant factors that affected the heat transfer and dynamic performance of intercooler. For all materials and coolants, gas side had a slightly smaller thermal inertia than liquid side. When other conditions were constant, better thermal performance and smaller thermal inertia were noted for the materials with higher thermal conductivity and lower density than that for the material with lower thermal conductivity and higher density. Besides, the coolant with higher thermal conductivity and specific heat but lower viscosity was beneficial to improve the heat transfer performance and thermal conductivity of intercooler. However, the outlet pressure of gas was less affected by materials and coolants, and there was no obvious flow time-delay characteristic. The present study demonstrated successful application of simulated annealing technique for the structure optimization of intercooler considering minimum weight as objective 
